
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 7
/8

/2
02

5 
5:

26
:0

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Mesoscopic prob
aChina University of Geosciences (Wuhan), W
bManagement Center of Sustainable Develo

Delta, Dongying, Shandong, 257091, China
cEcole Centrale de Nantes, Pays de la Loire,
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es in asphaltenes nanoaggregate
structure: from perpendicular to paralleled
orientation at the water-in-oil emulsions interface†

Jinhui Chen,a Jinliang Chen,b Chuheng Zhong,c Shouyu Chen,a Bowen Chen,d

Shenwen Fang ‡*e and Wenjun Xiangf

It is well known that asphaltene molecules play a significant role in stabilizing emulsions of water-in-crude

oil or diluted bitumen solutions. Here, the dissipative particle dynamics simulationmethodwas employed to

investigate the aggregation and orientation behaviors of asphaltene molecules at the interface of water-in-

crude oil emulsions at mesoscale length. Three kinds of asphaltene model molecules with different

architectural structures were employed in this work. It was found that the initially disordered asphaltenes

quickly self-assembled into ordered nanoaggregates consisting of several molecules, in which the

aromatic rings in asphaltenes were reoriented to form nanoaggregate structures. More importantly, the

nanoaggregate structure indicates that most of the stacked polycyclic aromatic planes of island

architecture asphaltenes preferred to be perpendicular to the O/W interface. However, most of the

stacked polycyclic aromatic planes of archipelago architecture asphaltene tend to be parallelled to the

O/W interface. Both the perpendicular and parallel nanoaggregate structures of asphaltenes form

a steady protective film wrapping the water droplets which hinder the droplet–droplet coalescence. The

increasing number of aliphatic chains of asphaltenes results in hindering of the p–p stacking interactions

of polycyclic aromatic hydrocarbons, thus asphaltenes prefer to form the parallel orientation at the O/W

interface. Our results provide insights into the fundamental understanding of self-assembly mechanisms

of asphaltenes at O/W interface and the stabilization behaviors of water-in-oil emulsions with asphaltenes.
1. Introduction

Asphaltenes are practically dened as a solubility class soluble
in some solvents, such as aromatics (benzene, toluene, etc.), but
insoluble in some others, such as normal alkanes (paraffins,
heptane, etc.).1 Asphaltenes are usually presented in petroleum
industry and coal liquid as well mine of coalbed gas (e.g. green
mine construction). The structure of asphaltenes is complex
and normally assumed to be constituted by polycyclic aromatic
hydrocarbons (PAHs) substituted with alkyl side chains and
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some heteroatoms, including nitrogen, sulfur, oxygen.2 Corre-
spondingly, asphaltenes are kinds of interfacially active
substances because of their polarizability and some degree of
charge separation associated with heteroatoms in the alkyl
chains and aromatic ring structures.3 The presence of asphal-
tenes is critical to many aspects of petroleum utilization, from
oil recovery and transportation to rening. The formation of
stable water-in-crude oil emulsions in petroleum industry can
cause ow assurance problems due to high viscosity of the
emulsions and cost efficient methods are required to remove
the emulsied water from the emulsions.4 The water emulsied
by asphaltenes, in the form of micrometer size water droplets,
also enhance corrosion because of the inclusion of salt and
brine in the petroleum emulsions, which reduce throughput,
and also can lead to equipment failure.5 Therefore, under-
standing the mechanism of crude oil emulsion stabilized by
asphaltenes is crucial for stabilizing desired emulsions and
destabilizing undesired emulsions in petroleum industry.

Actually, typical asphaltene molecules cannot be considered
to be amphiphilic with well-dened hydrophilic and hydro-
phobic molecular architecture. Moreover, the affinity of
asphaltenes toward the O/W interface and their ability of
reducing the interfacial tension are lower than the other
indigenous crude/heavy oil fractions (such as resins).6 A large
RSC Adv., 2017, 7, 38193–38203 | 38193
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View Article Online
number of studies indicate the mechanism of emulsion stabi-
lized by asphaltenes is related to the formation of the nano-
aggregate structure at O/W interface. Several researchers7–9 have
proposed that a kind of cross-linked gel phase is formed at the
O/W interface which results into hindering droplet–droplet
coalescence. Building up of 3D network at the interface, the
rheological properties of the asphaltenes lm were modied to
be non-Newtonian with yield stress (gel-like), which is respon-
sible for the stability of crude oil emulsions.8,9 The order
asphaltene nanoaggregate structure, typically 7–20 nm, was
observed by small-angle X-ray scattering (SAXS) and small-angle
neutron scattering (SANS).6,10 Furthermore, the colloidal
asphaltene aggregates as compared to individual asphaltene
molecules at the O/W interface were also thought to increase the
stability of emulsions.11 Liu Juan and co-author12 employed
molecular dynamics simulations studied the nanoaggregate
structure of asphaltenes. They found most of the stacked poly-
cyclic aromatic planes of asphaltene nanoaggregates tend to be
perpendicular to the water surface. These asphaltenes adsorbed
at the O/W interface seems as a “fence” and all the fence-like
nanoaggregates were twined and knitted together, which pin-
ned them perpendicularly on the water surface to form a steady
protective lm wrapping the water droplets. The asphaltenes
lm with nanoscale aggregates at the interface is much stable
and rigid.9,12 In our previous studies, it was found that the rigid
mechanical lm of asphaltenes originates from (i) rigid struc-
ture of polycyclic aromatic hydrocarbons (PAHs) and (ii) the p–

p bonding interactions between the PAHs of asphaltenes.13

Moreover, a layer-by-layer assembled architecture lm was
formed at the W/O interface when the system in presence of
polyacrylamide (PAM). This layer-by-layer assembled architec-
ture lm exhibits great viscoelasticity and rheology properties
which enhances the stability of water-in-oil emulsions.

Moreover, the structure of asphaltenes also has a great
inuence on the nanoaggregate structure at the O/W interface.14

To this end many studies have been carried out on the nano-
aggregate structure at the O/W interface with different kinds of
asphaltene structure. Chang Chia-Lu and co-authors15 investi-
gated the effect of the chemical structure of amphiphiles on
asphaltenes stabilization with tuning the polarity of the
asphaltenes's head group and the length of the asphaltenes's
alkyl tail. The effects of side-chain length on the aggregation of
asphaltenes in water were studied by Jian Cuiying and co-
authors.16 Hugo Santos-Silva and co-author17 investigated the
effects of the N, O and S heteroatoms on the nano-aggregation
of asphaltene mixtures.

Ruiz-Morales Yosadara and co-author5 used the coarse-
grained molecular simulations to investigate the effect of
peripheral oxygen moieties in coarse-graining asphaltene on
the orientation of asphaltene at the O/W interface, they found
the asphaltene orients perpendicularly at the oil water interface
when the asphaltene contains oxygen atoms. Furthermore, it
was observed that the nanoaggregation of asphaltene is
dependent on the heteroatom on the conjugated core and is
more dependent on the chain-end and conjugated core size.
Hossein Rezaei and co-author18 studied the uncharged perylene
bisimide-based polyaromatic surfactant molecules, with the
38194 | RSC Adv., 2017, 7, 38193–38203
same polyaromatic core but with different terminal functional
types at the O/W interface. They found that the polyaromatic
surfactant with the terminal functional group of aliphatic
carboxylic acid absorbed more effectively on the water droplet
interface in the crude oil system and can reduce the interfacial
tension to facilitate the oil/water separation. Yohei Mikami
investigated the nanoaggregate structure of three kinds of
asphaltenes with low molecular weights19 at the nanoscale.
Though a large number of the aforementioned studies have
been reported, a further understanding of the nanoaggregate
structure and emulsion stability of asphaltenes at the O/W
interface is still needed, especially at mesoscopic scale.13

In this work, we employed dissipative particle dynamics (DPD)
simulations for studying the nanoaggregate structures of asphal-
tenes at water/toluene interface with the mesoscopic scale.13,22

DPD simulations method are an excellent technology for the
simulation of coarse-grained systems over considerable length
and time scales up to the mesoscopic scale.13,20 DPD simulations
have been performed to study static and dynamic interfacial
phenomena and the self-assembly behavior of amphiphilic
molecule at the interface,20,21 including asphaltenes at liquid/
liquid interface22 and the solid/liquid interface.23 In this study,
we have used three types of asphaltene molecules with different
molecular weights, which was constructed from a statistical
representation of the oil sample.24 The stability mechanism of
water-in-oil emulsions in presence of asphaltenes was investigates
by analyzing the morphologies, lm thickness, order parameter
and radial distribution function of the crude oil emulsion.
2. DPD simulation
2.1 DPD method

Dissipative particle dynamics (DPD) is a mesoscale particle
method that bridges the gap between microscopic and macro-
scopic simulations. It can be used to simulate the dynamic and
rheological properties of simple and complex uids. In DPD
simulation system, several molecules were usually coarse-
grained as one or more coarse-grained beads, respectively.
The dynamics of the elementary units which are so-called DPD
beads, is governed by Newton's equation of motion fi ¼mdvi/dt.
The force between each pair of beads is a sum of a conservative
force (FCij), a dissipative force (FDij ), and a random force
(FRij).25 The conservation force for non-bonded particles is
dened by so repulsion. The dissipative force corresponding
to a frictional force depends on both the position and relative
velocities of the beads. The random force is a random interac-
tion between bead i and its neighbor bead j. All forces vanish
beyond a certain cutoff radius rc, whose value is usually set to
one unit of length in simulations. In fact, only the conservation
force is related to the intrinsic properties of the bead and it is
given by the following formulas: FCij ¼ aiju(rij)eij, where aij ¼ aji >
0, indicating that this force is always repulsive, rij is the distance
between beads i and j, and eij is the unit vector (ri � rj)/rij. The
function u(r) determines the radial dependence of the force; the
function is continuous, positive for r < rc and zero for r $ rc. An
extensive description on DPD simulation can be found
This journal is © The Royal Society of Chemistry 2017
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elsewhere,26,27 more details about DPD technique also can be
found in our previous studies.13,22,28

To coarse-grain the model of asphaltenes, the bonded
potentials including bond potential, angle potential, and
inversion angle potential were introduced, as depicted in our
previous studies.13,22,28 The bond potential experienced by bead i

is f S ¼
X
b

1
2
Cbðrb � r0Þ2, where r0 is the equilibrium bond

length and Cb is the bond spring constant. The equilibrium

bond length r0 ¼ 3 Å and a spring constant of 300 kcal (mol

Å2)�1 are assigned for all the beads of aromatic rings, while r0 ¼
4.25 Å and Cb ¼ 3 kcal (mol Å2)�1 are taken for all the alicyclic
groups and alkyl chains. The angle potential experienced by
bead i due to angular interactions is

f A ¼
X
a

ka
�
1� cos

�
qa � q0a

��
, where q0 ¼ 120� is the equilib-

rium angle, and ka ¼ 300 kcal mol�1. Furthermore the inversion
angle potentials describe the interaction arising from a partic-
ular geometry of three beads (J, K, L) around a central bead I:

E ¼ K0

2
ð1� cos n½c� c0�Þ, where K0 ¼ 25 kcal mol�1 is force

constant, c0 ¼ 180� is the improper torsion angle between the
KIJ and JIL plane, and n ¼ 2 is the periodicity.
2.2 Coarse-graining model

The coarse-graining process of molecular in DPD simulation
system is an essential process. As reported in our previous
studies, three water molecules were taken as single bead (W
bead). As presented in Fig. 1, the typical beads, B represents the
moiety of aromatic rings, which is denoted by benzene mole-
cule; H corresponds to the alkyl chain, which is dened as
butane molecule. In DPD the mapping of groups of atoms into
beads, all the beads should have same volume, the volume of
a water bead is 90 Å3 in this study.5 The volume of one butane
Fig. 1 Coarse-grainedmodel molecules of (a) fused aromatic rings (or po
toluene, (e) asphaltenes model architecture: Model A, Model B and Mode
beads in simulations. Model A is island architecture and Model B and Mo

This journal is © The Royal Society of Chemistry 2017
molecule is 91.5 Å3 and one benzene molecule is 89.4 Å3 which
are close to the volume of a water bead.29 The oil phase is
toluene which is clustered into two different coarse-grained
particles with B bead and H bead. The fused aromatic rings is
constructed by creating the rigid sheet of the hexa-particle
ring.13,28 As shown in Fig. 1, T bead is the functional group
containing heteroatoms, we take thiourea as T bead which
represent the polar groups in asphaltene structure.13,28

All these coarse-graining models in simulation systems were
used and veried.13,28 Three different types of asphaltene models
were performed to study the nanoaggregate structure of asphal-
tenes and their stabilization behaviors of water-in-oil emulsions,
as presented in Fig. 1e. These kinds of asphaltene models were
reported to study the aggregation of asphaltenes.24,28 Because of
the complexity and diversity of asphaltenes in petroleum
industry, different model compounds have been employed in
various studies. However, the island architecture and archi-
pelago architecture are the widely accepted model. The island
architecture, as shown with Model A in Fig. 1e, is usually shaped
“like your hand” with a single polycyclic aromatic hydrocarbon
core (like palm), which has some aliphatic chains (like ngers).
Another widely acceptedmodel for asphaltenes is an archipelago
architecture, which was thought to be connected with several
polycyclic aromatic hydrocarbon core, as shown with Model B
and Model C in Fig. 1e. Nowadays, it remains dubious regarding
the archipelago models. Mullins2,24 insisted that their large
relative molar mass and colorless character disagree with
observations from their experiments. The archipelago model
molecules of asphaltene were constructed deliberately for
comparison with the island models in this paper. Generally, the
archipelago architecture model is more applicable to heavy or
ultra-heavy oil rather than to light crude oil. The molecular
weight of asphaltenes:Model A (about 1052.85 gmol�1) >Model B
(about 2021.93 g mol�1) > Model C (about 3248.55 g mol�1).
lycyclic aromatic hydrocarbons), (b) alkyl chain, (c) water molecules, (d)
l C, (f) corresponds to the schematic representation of coarse-grained
del C are archipelago architecture.

RSC Adv., 2017, 7, 38193–38203 | 38195
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2.3 DPD parameters and simulation details

The bead–bead interaction parameters used in this paper are
calculated from the Hansen solubility parameters.5,28 Hansen
solubility parameters were developed by Charles M. Hansen to
predict if one material will dissolve in another and form
a solution which has been used to understand issues of solu-
bility dispersion diffusion.29 Moreover, Hansen solubility
parameters can be developed to calculate the bead–bead inter-
action parameters in immiscible liquid/liquid system which has
been validated to produce ideal interfacial tensions in experi-
ment method.30 Hansen solubility parameters were also used to
calculate the bead–bead interaction parameters in crude oil
system. More detailed bead–bead interaction parameters in this
study can be found in ESI.† The diffusion coefficient and
interlayer distance of asphaltenes in toluene solution were
calculated to validate the DPD calculations, as shown in ESI.†
From the Fig. S1,† the diffusion coefficient of diluted asphal-
tene in toluene is 3.41–5.73 � 10�10 m2 s�1 which is consistent
with the experimental results 2.2–6.3 � 10�10 m2 s�1.31 More-
over, the interlayer distance value from DPD simulations is
about 5.05 Å in our calculation, which is slightly larger than the
experimental results (about 3.55 Å).32 On the basis of these
results, it is believed that the bead–bead interaction parameters
used in the simulations could well reect the authentic physical
properties of petroleum systems.

In this study, DPD simulations were performed using the
Mesocite module embedded in theMaterials Studio 6.1 package
from Accelrys, Inc.33 All the simulations were performed in
a cubic box with a size of 100 � 100 � 100Rc

3 with periodic
boundary conditions at three direction. The simulated
temperature is set as 298 K. To simulate the water-in-crude oil
emulsions, the cubic box was divided into oil phase and water
phase, respectively. And water phase is a sphere with radius of
30Rc in the center of box, as reported in ref. 13. The le part of
the box is oil phase. The water molecules and toluene molecules
as well as asphaltene molecules were randomly lled into oil
phase and water phase, respectively. The concentration of
asphaltenes is dened as the number ratio of asphaltenes beads
to total beads in the oil phase. It has been shown experimentally
that emulsions stabilized by individual asphaltene molecules
are of little signicance, when compared to stabilization by
colloidally dispersed asphaltenes.19 In this study, different
numbers of asphaltene molecules ranging from 56 to 94 were
used to simulate the water-in-crude oil emulsions which is
much higher than the number of asphaltenes used in MD
simulations. The total number of beads is 1.2428 � 104 in the
box when the density of all systems is set to 3.0 in reduced units.
A total of 30.16 ns DPD simulation time were carried out with
a time step Dt ¼ 0.005s, where s is time scale, 3.0158 ps.34
3. Results and discussion
3.1 W/O emulsions morphology

3.1.1 Dynamic behavior of nanoaggregation at the inter-
face. The initial congurations of asphaltenes at the water-in-oil
emulsions were randomized with the tool of Amorphous Cell in
38196 | RSC Adv., 2017, 7, 38193–38203
Materials studio.33 In the island architecture asphaltenes (Model
A) case, the molecular behavior at the toluene/water interface at
various time intervals was presented in Fig. 2. From the snap-
shots (Fig. 2), it was found that the initial disordered asphaltene
molecules quickly self-assembled into ordered structure at the
O/W interface when the system reached its equilibrium indi-
cated. From the Fig. 2, it seems that the self-aggregation of
asphaltenes (the number ranges from 2–6) is a rst step in the
formation of precipitated asphaltene particles at the O/W
interface. Rod-like hierarchical structural nanoaggregate con-
sisting of a few asphaltene molecules (ranges from 12 to 18) was
formed, as shown in Fig. 2f. The nanoaggregates of asphaltenes
at the O/W interface generally consist a few molecules with the
molecular PAHs face-to-face or p–p stacking each other. More
importantly, it is interesting to nd that most of the stacked
aromatic ring sheets preferred to be perpendicular to the water
surface. Moreover, the stacked structure remained essentially
stable aer 4.52 ns.

The aggregation and orientation of the archipelago archi-
tecture asphaltenes at the O/W interface were also investigated.
As shown in Fig. 3, some similar results of adsorption process
for the asphaltenes ofModel B were observed. However, most of
the stacked aromatic ring sheets preferred to be paralleled to
the water surface. Only a small part of asphaltenes of Model B
tend to be perpendicular or slope to the O/W interface. Actually,
this orientation of asphaltenes at the O/W interface was also
observed in the asphaltenes of Model C, as shown in Fig. S2.†
Compared with the asphaltenes of Model A, the transition of
orientation at the O/W interface happened in asphaltenes of
Model B and Model C was induced by architecture structure of
asphaltenes. In the island architecture asphaltenes case (Model
A), the asphaltenes reoriented themselves to be perpendicular
with the water surface were reported in the previous molecular
dynamics simulations.19 The interfacial behavior of island
architecture asphaltenes at the O/W interface in our study is in
good agreement with the previous simulation results at nano-
scale.35,36 However, the paralleled orientation of archipelago
architecture asphaltenes at the interface was rstly observed at
mesoscopic scale owing to the advantages provided by DPD
simulation, such as the simulation of coarse-grained systems
over long length and time scales than MD simulation. Different
kinds of island architecture of asphaltenes (molecular weights
are lower than 800 g mol�1) were investigated using MD simu-
lations with the limited simulation time (lower than 6 ns). It is
also observed that the water droplet in oil is wrapped tightly by
asphaltenes when the system reaches equilibrium, which
produces asphaltene protective lms hindering the droplet–
droplet coalescence.

3.1.2 Effects of concentrations. We also study the effects of
concentrations of asphaltenes on the morphology of emulsions.
Form the snapshots (Fig. 4), it was found that asphaltenes of
Model A preferred to be perpendicular to the water surface with
the concentrations range from the 15% to 25%. Except for the
asphaltenes of Model B at higher concentrations (e.g. 25%), the
asphaltenes ofModel B andModel C preferred to be paralleled to
the water surface. We also calculated the temporal evolution of
angles between the asphaltene aromatic plane and the O/W
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Morphologies of water-in-oil emulsions at different simulation time with the concentrations of 20% asphaltenes of Model A. Different
beads in simulations are represented by different colors as can be illustrated from Fig. 1f (the same as below). The toluene molecules are
suppressed for clarity.

Fig. 3 Morphologies of water-in-oil emulsions at different simulation time with the concentrations of 20% asphaltenes of Model B. Different
beads in simulations are represented by different colors as can be illustrated from Fig. 1f (the same as below). The toluene molecules are
suppressed for clarity.
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interface for different systems, as shown in the Fig. 5. In the
asphaltenes of Model A case (Fig. 5a), this angle mainly range at
85 � 5�with the highest value is 0.55. This means that the
perpendicular structure is stable in the asphaltenes of Model A
case. Except for the asphaltenes of Model B at concentrations of
25%, the angles of asphaltenes of Model A and C were distri-
bution in 5 � 5�which shows that the asphaltenes of Model A
and C can adopt a paralleled structure with respect to the oil–
water interface. All these results can be reected from the Fig. 4.

3.2 Film properties

3.2.1 Film thickness. Recent investigations have focused
on measurable mechanical properties of the lms by interfacial
This journal is © The Royal Society of Chemistry 2017
tensiometry and rheological techniques.37,38 The lm thickness
is an important interfacial physical property which can provides
a quantitative measure for the size of the interface. The relative
density proles are given in Fig. S3 of ESI.† The density prole is
obtained by calculating the number of particles with dividing
the volume into 200 bins along as X-direction. According to the
density proles, the interfacial thickness is calculated by the
“90–10” criterion, which is dened as the distance along the
interface over which the densities of oil from 90% to 10% of
their bulk value.39 As shown in Fig. S3,† relative density proles
for asphaltenes distribute in common boundary of density
proles for aqueous phase and oil phase which indicates the
asphaltenes adsorb at the W/O interface due to the amphiphilic
RSC Adv., 2017, 7, 38193–38203 | 38197
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Fig. 4 Morphologies of water-in-oil emulsions at different concentrations with different asphaltene models. Asphaltenes ofModel Awere used:
(a1) 15%, (a2) 20%, (a3) 25%; asphaltenes ofModel Bwere used: (b1) 15%, (b2) 20%, (b3) 25%; asphaltenes ofModel Cwere used: (c1) 15%, (c2) 20%,
(c3) 25%. The toluene molecules are suppressed for clarity.
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nature of asphaltenes. The calculated lm thickness is pre-
sented in Fig. 6. Compared with orientation of paralleled
structure at the interface, the lm thickness formed by
asphaltenes with perpendicular orientation at the interface is
much bigger. Based on the change of lm thickness, this
nanoaggregate structure transformation of asphaltenes was
veried: from the nanoaggregate to thin-lm formation at the
interface. Moreover, the increasing asphaltenes concentration
leads to a pronounced expansion of the interfacial thickness.
The calculated lm thickness are range from 32.1 to 45.9 nm
which slightly less than experimental dada 40–90 nm.40 The
asphaltenes with higher concentrations in experiments may
lead to a higher lm thickness.

3.2.2 Nanoaggregate structure at the interface. To further
characterize the nanoaggregate structures of asphaltenes at the
O/W interface, the radial distribution function g(r) was intro-
duced in this paper. The radial distribution function g(r) was
computed for all pairs of beads or centroids in the set which
were closer than the cutoff value. The radial distribution func-
tion could be calculated using following equation41

gijðrÞ ¼
�
DNijðr/rþ DrÞ�V

4pr2DrNiNj

(1)
38198 | RSC Adv., 2017, 7, 38193–38203
where {DNij(r/ r + Dr)} was the ensemble averaged number of j
around iwithin a shell from r to r + Dr, Vwas the system volume,
Ni and Nj were number of i and j, respectively.

The radial distribution function in this study was calculated
for a cut-off radius of 50 Å and an interval distance of 0.05 Å, is
shown in Fig. 7. In the asphaltenes of Model A case, it is found
that the multi-peaks locates at 5.4 Å, 10.2 Å, 15.1 Å, 21.5 Å, 27.4
Å, respectively. These results depicted that the asphaltene
molecules aggregated spontaneously at the interface and
formed nanoaggregates with the aromatic rings sheet face-to-
face or p–p stacking together. These small peaks reect that
the asphaltenes lms adsorbed at the O/W interface are multi-
layers due to the intensively p–p bonding between PAHs of
asphaltenes which indicates the asphaltene lms are much
more stable. The nanoaggregates of asphaltenes at the O/W
interface were also observed from experiment results42,43 and
MD simulations.44 As reported in the previous studies, the nano-
aggregates range from 7 to 20 nm in characteristic dimension
while the aggregate number ranges from 6 to 14.45 In our
simulation results, the aggregates size of 6–22 nm and aggre-
gate number of 7–13 were observed which are qualitatively in
good agreement with the previous simulation results. The
multi-peaks phenomenon was also observed in the asphaltenes
of Model B and C, as shown in Fig. 7b and c. However, the
phenomenon of periodic peaks in the radial distribution
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Temporal evolution of angles between the asphaltene aromatic
plane and the O/W interface for the systems including (a) asphaltene
molecule of Model A, (b) asphaltene molecules of Model B and (c)
asphaltene molecules of Model C. The angle is defined on the basis of
the normal of the interface and the normal of the aromatic plane of the
island-type asphaltene molecule.

Fig. 6 The film thickness for different asphaltene models at different
concentrations.
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function for the asphaltenes of Model B and C is not obvious
than the asphaltenes of Model A. Moreover, the values of peaks
for the asphaltenes of Model B and C are smaller than the
asphaltenes of Model A. These results presented the p–p
This journal is © The Royal Society of Chemistry 2017
interactions between PAHs of asphaltenes gradually become
weaken. Thus, the smaller aggregates size 5–12 nm and aggre-
gate number 3–7 were also observed, as shown in the Fig. 3.

To further investigate the preferred distribution and orien-
tation of asphaltenes at O/W interface, a quantitative analysis
on the orientation of the asphaltenes was conducted by calcu-
lating the radial distribution function g(r) for different beads in
asphaltene structure. As depicted in Fig. 8. The peaks of radial
distribution function between W beads and T beads are much
higher than the radial distribution function between W beads
and B beads as well as H beads. These results are due to the fact
that the W beads containing some heteroatoms have stronger
affinity for water molecules. What's more, some smaller peaks
of radial distribution function between W beads and T beads
(marked by green color) were found in Fig. 8. Tough these
smaller peaks are not obvious, these smaller peaks can be only
found in the radial distribution function between W beads and
T beads which illustrates the asphaltene molecules orients at
3.2 Å from the water surface. In the asphaltenes ofModel A case,
there are two peaks in the radial distribution function
between W beads and T beads which is resulted from the
perpendicular orientation of asphaltenes at the interface (see
the illustration of Fig. 8a). The phenomenon of multi-peaks was
observed in the asphaltenes of Model B and C. However, these
results are due to the paralleled orientation of asphaltenes at
the interface, as shown in illustration of Fig. 8b and c. More
importantly, the aliphatic chains without heteroatoms tend to
stretch into toluene region with the aliphatic chains with
heteroatoms are perpendicular to water region. Jian Cuiying
et al.16 proposed that the aliphatic chains hinder the formation
of parallel p–p stacking structures of the PHAs while also
favoring aggregation through hydrophobic association with
enough long side chains. As presented in Fig. 8, the values of
peaks between W beads and H beads are smallest in all the
beads of asphaltenes, which indicates the side chains of
asphaltenes hinder the formation of parallel stacking structures
of the polyaromatic cores. In this study, the aliphatic chains of
asphaltenes equivalent to dodecane molecule which hinder the
p–p stacking interactions of PHAs. Moreover, the number of
aliphatic chains in archipelago architecture asphaltenes is
RSC Adv., 2017, 7, 38193–38203 | 38199
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Fig. 7 The radial distribution function g(r) for asphaltenes in different
simulation systems including (a) asphaltene molecule of Model A, (b)
asphaltene molecules of Model B and (c) asphaltene molecules of
Model C.

Fig. 8 The radial distribution function g(r) for different beads in
asphaltenes structure including (a) asphaltene molecules of Model A,
(b) asphaltene molecules of Model B and (c) asphaltene molecules of
Model C. The concentrations of asphaltenes are 20%. The definition of
beads can be found in Fig. 1.
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bigger than the island architecture asphaltenes. Actually, this
result also has an impact on the nanoaggregate structure of
asphaltenes at the O/W interface. Because of the increasing
aliphatic chains, the PHAs of archipelago architecture asphal-
tenes preferred parallelling to the O/W interface which
increasing the areas of contact with water droplet while
decreasing the probability of p–p stacks of PHAs in the oil
phases. Consequently, the architecture structure of asphaltenes
inuenced the nanoaggregate structure conguration of at the
O/W interface.

To have a better understanding on the aggregation of
asphaltenes at the O/W interface, the nanoaggregate structures
38200 | RSC Adv., 2017, 7, 38193–38203
were analyzed using order parameter (P). In dynamic simulation
processes, an order parameter could be monitored to indicate
the changes occurring in the molecular structures, and could
thus yielded characteristics of the phase separation and
compressibility. The order parameter (P), which was the mean
squared deviation from homogeneity for a particular species (A)
in volume V, was dened as:46,47

PA ¼
D�

hA � h0
A

�2E
(2)
This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Order parameter versus simulation the time for different asphaltenemodels at different concentrations. The asphaltenes ofModel Awere
used: (a1) 15%, (a2) 20%, (a3) 25%; the asphaltenes ofModel Bwere used: (b1) 15%, (b2) 20%, (b3) 25%; the asphaltenes ofModel Cwere used: (c1)
15%, (c2) 20%, (c3) 25%.
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where h0A was the overall volume fraction of species A, and hA

was the local volume fraction of species A; note that both
quantities were dimensionless in DPD simulations. Therefore,
small values for PA indicated a homogeneous system, and large
values suggested strong phase separation.

The order parameter versus simulation the time for different
asphaltene models at different concentrations were presented
in Fig. 9. As time progress, the order parameters of asphaltenes
at the O/W interface increase, and nally reach platform. These
results showed the asphaltenes lms adsorbed at the O/W
interface become more ordered and stable which can be re-
ected from the Fig. 2. The concentrations of asphaltenes in
simulation systems also have an inuence on the values of order
parameters. From the Fig. 9, we can found the order parameters
of asphaltenes continuously increase with the increase of
concentrations. Thus, higher concentration of asphaltenes
could result in the formation of more ordered and stable
interfacial lms which acts a barrier to droplet coalescence.
Moreover, it is also observed that the order parameter for B
beads is bigger than H and T beads owing to the multi-layered
structure of PAHs. These results also depicted that it is the
This journal is © The Royal Society of Chemistry 2017
multi-layered structure of PAHs or p–p staking of PAHs attri-
butes to the stable asphaltene lms rather than the alkyl chains
with heteroatoms.
4. Conclusions

The nanoaggregate structure of asphaltenes at the O/W inter-
face has been studied for decades by different experimental
technologies, however, very few studies have been performed on
investigating the aggregation and orientation behaviors of
asphaltene molecules with different architecture structure at
the O/W interface with mesoscale length. Simulation results
conrm that the asphaltenes nanoaggregate structures at water-
in-oil emulsions interface were majorly mediated by architec-
ture structure as changed from perpendicular to paralleled
orientation at the interface with changing from the island
architecture to archipelago architecture of asphaltenes. From
the simulation results, it is found that the interfacial activity or
the driven force of adsorption at interface is attributed from the
heteroatoms in asphaltene structures while the formation of
nanoaggregate structures at the interface is resulted from the
RSC Adv., 2017, 7, 38193–38203 | 38201
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p–p bonding interactions. This nanoaggregate structure
transformation of asphaltenes also results into thin-lm
formation with paralleled orientation of asphaltenes at the
interface. From our study, it seems that the integrity of the thin
lm is formed with an increasing amount of asphaltenes, which
might indicate an enhanced stability of water-in-oil emulsions.
The resultant effects on the emulsion, including elastic and
viscous contributions, will be discussed in the near future.
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